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INTRODUCTION
During maximal and near-maximal exercise, the demands of the locomotor musculature, particularly in highly-trained individuals, may place demands on the pulmonary system that exceed the functional capabilities of the ventilatory system [12] , thus creating a limiting factor for O 2 transport and utilization [12] . Significant elevations in the work of breathing that occur during maximal exercise are associated with an increased metabolic demand of the respiratory musculature (~10-15% of total oxygen consumption) [3, 21] , which requires a significant proportion of cardiac output. As a result, competition may arise between the respiratory musculature and the limb locomotor muscles for blood flow [13] .
Oxygen delivery to the active locomotor muscles is likely influenced by high levels of ventilatory work [4, 25] , mediated by the accumulation of vasoactive metabolites in the respiratory musculature. These metabolites can activate type IV phrenic afferent fibers [24] and consequently increase sympathetic vasoconstrictor activity [14, 39, 40] and reduce limb perfusion [10, 20, 21, 33, 39] . Therefore, significant increases in the work of breathing during high-intensity, prolonged duration exercise promotes redistribution of cardiac output from the exercising limb locomotor muscles to meet the metabolic demands of the respiratory muscles (increased O 2 requirement). Consequently, exercise tolerance may be impaired [21, 22] .
During high levels of ventilatory demand, O 2 delivery to the respiratory musculature is increased while inactive limb locomotor blood flow remains constant [19] . A number of studies have shown that during high-intensity exercise, increased respiratory muscle load increases deoxygenated hemoglobin and myoglobin [deoxy(Hb+Mb)] in respiratory and active limb locomotor muscle [28, 33, 42] . Indeed, a high inspiratory load during submaximal cycling exercise in highly trained cyclists increases the metabolic requirements of the respiratory musculature, resulting in a concomitant increase in limb locomotor and respiratory muscle [deoxy(Hb+Mb)] [42] . Conversely, unloading the respiratory musculature by reducing the work of breathing, has been shown to increase limb locomotor O 2 delivery and consumption, and increase time to exhaustion during cycling exercise (T lim ~90% V O 2peak ) [9, [20] [21] [22] . Therefore, taken together, these data suggest that in highly trained individuals (V O 2peak , ~60 -65 ml/kg/min), an increased respiratory load during high-intensity exercise may reduce O 2 delivery to the exercising muscle tissues in order to meet respiratory muscle demands [20, 21, 42] .
Recent evidence from our laboratory suggests that following a period of inspiratory muscle training (IMT) the O 2 requirement for a given ventilatory load is reduced [43] . This suggests that an IMT-mediated increase in inspiratory muscle strength may 'unload' the respiratory musculature, thereby increasing O 2 availability to the limb locomotor muscles during high-intensity exercise in trained individuals. If so, we would expect to see a reduction in [deoxy(Hb+Mb)] as a marker of oxygen extraction that is independent of the volume of heme-O 2 carriers (i.e., hemoglobin volume) in the muscle tissue. Therefore, the aim of the present study was to evaluate the effect of IMT on respiratory and limb locomotor muscle deoxygenation during cycling exercise with different intensities of resistive inspiratory loading. It was hypothesized that 6-wk of IMT would attenuate the previously reported increase in respiratory and limb locomotor muscle deoxygenation in these highly trained cyclists [42] .
METHODS

Subjects
Sixteen healthy, highly trained, competitive male cyclists with normal pulmonary function (Table 1) were recruited from local cycling teams and volunteered to participate in this study. All subjects provided written informed consent. The Indiana University Institutional Review Board for Human Subjects approved all tests and procedures. All procedures met the ethical standards set by the International Journal of Sports Medicine [23] . Subjects were instructed to adhere to their normal diet and training regime throughout the duration of the study and to arrive at the laboratory for testing sessions fully hydrated, at least 4h postprandial.
Subjects were also asked to refrain from alcohol and caffeine for at least 24 h and 6 h prior to each exercise session, respectively and to avoid strenuous exercise 24 h prior to each visit.
Study Design
On a preliminary visit to the laboratory subjects were thoroughly familiarized with all test procedures, including all respiratory muscle and pulmonary function tests, and completed an incremental cycle ergometer test to the limit of exercise tolerance in order to determine peak oxygen consumption (V O 2peak ). On a separate occasion subjects completed an experimental exercise session consisting of a warm-up and 3 consecutive experimental exercise trials: (1) a moderate inspiratory loading trial, (2) a heavy inspiratory loading trial, and (3) a maximal exercise loading trial. The time-course changes in respiratory and limb locomotor muscle deoxygenation during these exercise trials have previously been reported in this group of highly trained cyclists [42] . These data have been included in this study as pre-training data. However, the data presented in this paper are novel in adding the response to IMT. Furthermore, all changes in muscle oxygenation variables were calculated relative to baseline cycling (and not resting conditions as done in our previous study [42] ) both pre-and post-training in order evaluate the influence of IMT using NIRS, and to minimise the effect of biological daily variation in the resting tissue.
Following the completion of the baseline exercise session subjects were randomly assigned in a double-blind manner (participants were advised that they were completing a 6 strength or endurance training intervention) to either an inspiratory muscle training (IMT; n = 8), or a placebo-controlled sham training (CON; n = 8) group for 6 weeks. The experimental exercise session was repeated post-training. Subjects completed daily training logs to record cycling training volume and intensity, as well as IMT training, for the duration of the study.
Maximal Incremental Exercise Testing
An incremental exercise test to the limit of tolerance was completed for determination of V O 2peak . All exercise tests were performed on a cycle ergometer (Monark, Model 828E, Varberg, Sweden). Initially, subjects began the test at a workload of 150 W, and the workload increased by 50 W every 3 minutes until volitional exhaustion. The subjects self-selected a cadence prior to the start of the trial, which was held constant throughout all trials. Individual selections ranged from 80-100 rpm (mean ± SD 87 ± 5 rpm). The configuration of the saddle and handlebar position was measured and recorded for each subject, and replicated in subsequent exercise tests. V O 2peak was determined as the highest 60-s average V O 2 value achieved prior to exercise termination. Power output at V O 2peak was recorded.
Exercise trials and inspiratory loading
Prior to the experimental exercise trials, subjects performed pulmonary and respiratory muscle function testing at rest while comfortably seated on a cycle ergometer. Following an initial 6-min cycling warm-up (3-min at 150W followed by 3-min at a power output equivalent to 80% of the power output corresponding to V O 2peak ), each subject completed three, 6-min, exercise trials in a randomized order, each separated by 20-min rest as previously described [42] .
Briefly, each exercise trial consisted of 3-min of baseline cycling at a power output equivalent to 80% V O 2peak , with no loading intervention. Following the initial 3-min of each trial, subjects completed a further 3-min of cycling exercise consisting of an intervention designed to increase 7 the inspiratory load during exercise. The separate inspiratory loading interventions were either (1) cycling at 80% V O 2peak while inspiring against a moderate resistive inspiratory load, (2) cycling at 80% V O 2peak while inspiring against a heavy resistive inspiratory load or (3) cycling at 100% V O 2peak . A 100% V O 2peak trial was included in the protocol to demonstrate the metabolic and ventilatory responses attained during maximal exercise and compare these responses to those obtained during the inspiratory loading trials. During the moderate and heavy inspiratory loading trials, inspiratory resistance was achieved by placing a rubber stopper in the inspiratory line, proximal to the mouthpiece, with an opening of 10mm and 8mm, respectively.
Consequently, inspiratory resistance was flow-dependant and the diameter of the openings used in this study were designed to generate an inspiratory resistance of 6cm H 2 O L·s -1 during the moderate loading trials and 9.5 cmH 2 O L·s -1 during the heavy loading trial. The moderate and heavy inspiratory loading protocols employed in this study were previously shown to increase whole-body O 2 consumption by 3.8% ± 2.9% and 5.1% ± 3.6% respectively, thereby increasing respiratory and limb locomotor muscle [deoxy(Hb+Mb)] [42] . At rest, subjects are capable of sustaining maximum ventilation for >15min without showing signs of fatigue [3] . Thus, even with the imposed increases in inspiratory resistance, 20 min is likely a sufficient amount of time for complete recovery upon commencement of subsequent trials, considering that 1) our subjects are highly-trained and that 2) the imposed ventilatory workload only lasted for 3min. The order of trials completed during the pre-training exercise session was replicated during the posttraining session. An outline of the testing protocol is given in Figure 1 . 
Metabolic and ventilatory measurements
Limb locomotor and respiratory muscle deoxygentation measurements
Local muscle oxygenation was continuously monitored by near-infrared spectroscopy (NIRS) using a dual-channel tissue spectrometer (ISS oximeter Model 96208, ISS Inc., Champaign, IL) as previously described [42] . A NIRS probe was placed on the vastus lateralis muscle of the subjects' right leg (15 cm above the proximal border of the patella and 5 cm lateral to the midline of the thigh) to monitor limb locomotor (LM) oxygenation status. A second probe was positioned over the right 6th intercostal space at the anterior axillary line, to assess changes in the oxygenation status of the accessory respiratory muscle (RM). The probes were secured to the skin surface to avoid movement of the probe relative to the skin and covered with an 9 elasticized tensor bandage to minimize the influence of extraneous light, and, while allowing unrestricted movement during exercise. Semi-permanent markings were placed around the optode sites of the limb locomotor and respiratory muscles to ensure precise replication of optode placement for post-training measurements. 
Pulmonary function and maximal inspiratory pressure measurements
Prior to exercise, forced vital capacity (FVC), forced expiratory volume in 1 second (FEV 1 ), and peak expiratory flow rate (PEFR) were assessed in accordance with the American Thoracic Society recommendations [1]. The highest recorded FEV 1 value attained was reported.
Maximal inspiratory pressure (PI max ) was assessed prior to exercise using a portable hand-held mouth pressure meter (Micro Medical Ltd, Kent, UK), both pre-and post-training intervention to provide an index of inspiratory muscle strength [2] . The PI max maneuvers were initiated from residual lung volume (RV). A minimum of three PI max measurements were performed at 30 second intervals, where the variability of the best values was 5% or within 5 cmH 2 O [44] ; the largest value was reported. All tests were conducted in a seated-upright position.
Training Intervention
Following pre-training intervention testing, subjects were randomly assigned to either an IMT or CON group and completed 6 wk of inspiratory muscle training using a pressurethreshold training device (POWERbreathe®, HaB International Ltd, UK). The IMT group completed 30 dynamic inspiratory manoeuvres, twice daily (am and pm session) for 6 wk at a pressure-threshold load equivalent to 50% of their PI max ; a training protocol previously shown to improve inspiratory muscle function [8, [36] [37] [38] . The CON group completed a 6 wk sham training intervention consisting of 60 breaths, once daily (am or pm session) for the 6 wk training period at 15% of PI max ; a protocol that shown no changes in inspiratory muscle function [8, 37] .
Subjects were instructed to initiate each inspiration from residual lung volume and to continue until total lung capacity was reached. In order to prevent hyperventilation-induced hypocapnea, subjects were encouraged to expire slowly and in a relaxed manner. Compliance to the training intervention was monitored using methods previously described by our group [41, 43] . 
Statistical analysis
RESULTS
Subjects
There were no significant differences in age, height or weight between the CON and IMT groups. Furthermore, pre-training measures of V O 2peak , V Emax and power output at V O 2peak was not significantly different between groups. There was no significant difference in pulmonary function between CON and IMT or within groups (pre-to post-training), and all values were within predicted normal values [32] . Pre-training intervention values for respiratory muscle strength (PI max ) were not significantly different between the IMT and CON groups; 114 ± 12 cmH 2 O and 125 ± 13 cmH 2 O, respectively. Following 6 wk of training, PI max increased by 26 ± 19% to 142 ± 19 cmH 2 O in the IMT group (p = 0.004). There was no significant change in PI max values post-CON (126 ± 14 cmH 2 O). The self-reported exercise training diaries indicated that subjects did not alter their cycling training volume or intensity for the duration of the study.
Adherence to the training intervention was also high in both groups as demonstrated by a compliance rate of 90% for both the IMT and CON groups.
Metabolic and ventilatory responses to exercise, inspiratory loading and inspiratory muscle training
The addition of a moderate inspiratory load during cycling exercise at 80% V O 2peak increased inspiratory muscle force generation (Pm x fb) from -102 ± 23 to -416 ± 73 cmH 2 O/min in the IMT group and from -80 ± 14 to -318 ± 82 cmH 2 O/min in the CON group prior to training. There was no significant interaction effect (groupX time) for ∆Pm x fb when going from no inspiratory load to moderate inspiratory loading ( Figure 2 ). Pre-IMT measures of Pm x fb increased from -92 ± 19 during exercise at 80% V O 2peak to -691 ± 164 cmH 2 O/min with heavy inspiratory loading Similar values were observed pre-CON (-84 ± 14 to -571 ± 143 cmH 2 O/min). There was no significant interaction effect (groupX time) for ∆Pm x fb when going from no inspiratory load to heavy inspiratory loading. In the IMT group, the pre-training change in PI max from pre-to post-moderate inspiratory loading trial, heavy inspiratory loading trial, and maximal exercise trial was 3 ± 3, -6 ± 6, and 1 ± 5 cmH 2 O, respectively. Similar changes in pre-to post-trial PI max were observed prior to the training intervention in the CON group for moderate inspiratory loading (2 ± 6 cmH 2 O), heavy inspiratory loading (-4 ± 6 cmH 2 O) and maximal exercise (0 ± 7 cmH 2 O). There was no significant interaction effect (group X time; pre-to post-training) for the change PI max for the moderate inspiratory loading trial, heavy inspiratory loading trial, or maximal exercise trial.
There was no significant interaction effect between the IMT or CON groups for Pm x fb during the moderate inspiratory loading, heavy inspiratory loading and maximal exercise loading trials. The metabolic and ventilatory responses to moderate inspiratory loading, heavy inspiratory loading and maximal exercise, pre-and post-training are shown in Table 2 13 Deoxy, oxy, and total [(Hb+Mb)] during the pre-and post-intervention loading trials are shown in Table 3 (for LM) and Table 4 (for RM). At moderate inspiratory loads and maximal exercise loads, there were no significant differences in any dependent NIRS variables for any muscle group (RM or LM) between pre-and post-intervention in either the IMT or CON groups. However, with heavy inspiratory loading following IMT, the change in LM and RM [deoxy(Hb+Mb)] was significantly reduced by 1.7 ± 1.3 µM (p = 0.02) and 2.8 ± 2.6 µM (p = 0.021), respectively indicating reduced oxygen extraction within those tissues following IMT. 
Limb locomotor and respiratory muscle oxygenation exercise, inspiratory loading and inspiratory muscle training
DISCUSSION
To our knowledge this is the first study to investigate the effect of IMT on respiratory and limb locomotor muscle deoxygenation status during exercise while undergoing periods of increased ventilatory demand. The main findings of this study are that 6 wk of IMT reduced limb locomotor and accessory respiratory muscle deoxygenation as shown by a significant reduction of the rise in [deoxy(Hb+Mb)] from pre-training levels during constant-load submaximal exercise with high resistive (heavy) inspiratory muscle loading. In contrast to our experimental hypothesis IMT did not alter limb locomotor or respiratory muscle deoxygenation during moderate inspiratory loading or maximal exercise. Following 6 wk of IMT, V O 2 during submaximal exercise with heavy inspiratory muscle loading was significantly reduced, whilst V E was maintained. This reduction in V O 2 suggests that IMT may decrease the relative respiratory load required to generate the same level of ventilation, thereby reducing the metabolic demands of the respiratory musculature [43] . We have previously reported that IMT may act to unload the RM and reduce the RM O 2 demand [43] . Similar to our findings, a decrease in work of breathing during underwater swimming at 70% V O 2peak has been observed following 4-wk of combined inspiratory and expiratory muscle training [35] .
It has previously been shown that either loading (via mesh screen) or unloading (via proportional-assist ventilator) the RM affects limb vascular resistance and limb blood flow [20, 21] . The load on the RM is therefore an important consideration. We have recently shown that high levels of resistive inspiratory loading during submaximal exercise increases whole-body V O 2 , and both limb locomotor and accessory respiratory muscle [deoxy(Hb+Mb)] [42] . It is plausible that increased metabolic demands of the respiratory musculature consequential to resistive inspiratory loading may alter blood flow to the exercising limbs, perhaps compromising O 2 availability. These findings are consistent with previous studies which have demonstrated a sympathetically mediated vasoconstrictor reflex under high ventilatory loads in highly trained individuals [20, 21, 39, 40] . Reducing the relative load of the RM through IMT may delay the activation of this reflex, or reduce its magnitude.
In the present study a significant reduction in the magnitude of change in both respiratory and limb locomotor muscle deoxygenation during submaximal exercise with heavy inspiratory loading was shown following IMT. IMT-induced increases in RM strength and endurance may act to unload the RM by improving RM economy [43] , thus reducing RM O 2 demand to sustain a given ventilation rate. Consequently, RM tissue deoxygenation is reduced, as demonstrated in the present study by a lower RM [deoxy(Hb+Mb)]. Reductions in muscle deoxygenation may be related to increases in oxidative metabolism and a consequent reduction in lactate production (not measured in the present study) [11] The mechanisms associated with an IMT-mediated reduction in O 2 consumption have previously been discussed [43] . One explanation for the observed reduction in whole-body V O 2 , may relate to the increased respiratory muscle strength shown following training in the IMT group. IMT has previously been shown to change respiratory muscle structure. Specifically, IMT increases diaphragm thickness [15, 17] and the proportion of type II muscle fibers in the external intercostals muscles [34] . Increases in muscle fiber cross sectional area are positively correlated to muscle strength [16, 26] . Therefore, the 22% increase in inspiratory muscle strength observed in the present study, which is consistent with previous studies using pressure-threshold IMT [5, 15, 30, 37, 38, 45] , may in part explain the reduction in V O 2 during heavy inspiratory loading by lowering the relative intensity at which the RM were working. An alternative explanation for the reduction of the V O 2 , may relate to the relationship between force production, fatigue and O 2 consumption. It has been shown that in slow twitch muscle fibers, fatiguing muscle contractions results in a disproportional increase in V O 2 relative to force production. Therefore, it plausible that IMT may have reduced fatigue of the respiratory muscles during heavy inspiratory loading through enhanced endurance of the respiratory musculature as previously shown [6, 7] ; however, this was not evaluated in the current study. Consequently, during whole-body exercise with an increased ventilatory load, IMT may act to delay the recruitment of accessory respiratory muscles [29] or increase the metabolic efficiency of muscle fibres to lower the O 2 cost while maintaining the required force output.
In contrast to our findings during heavy inspiratory muscle loading, IMT did not alter muscle deoxygenation of the limb or respiratory muscles during moderate inspiratory loading or maximal exercise. Previous studies have demonstrated that moderate inspiratory loading (6.5 cmH 2 O/L/s at a flow of 3 L/s) does not change LM [42] or RM deoxygenation during exercise [27, 33] . Therefore, it is possible that despite a small increase in the metabolic requirements of the RM and LM, imposing a moderate inspiratory load may not be a sufficient stimulus to recruit the accessory respiratory muscles and/or to elicit fatiguing contractions of the respiratory muscles, which is responsible for reducing O 2 availability to the limb locomotor muscles [14, 21, 39, 40] .
Limitations of the present study
Some past studies using NIRS have utilized a physiological calibration using cuff inflation to obtain the physiological minimum (ischemia) and maximum (hyperemia), with changes in muscle oxygenation variables expressed as a percentage of this range [31] . However, due to the complex nature of the respiratory musculature, it is not possible to apply this method and may in part explain varied magnitude of responses shown in this study. In the present study, the method of measuring NIRS was consistent between groups. Furthermore, changes in [deoxy(Hb+Mb)] [oxy(Hb+Mb)] and [total(Hb+Mb)] for both the LM and RM were expressed relative to baseline steady-state cycling at 80% V O 2peak to minimise the effect of biological daily variation in the resting tissue. Nevertheless, this limitation may in part explain the group response presented for [deoxy(Hb+Mb)] during the heavy inspiratory loading trial (Figure 2 and 3). Second, it is acknowledged that while the present study assessed inspiratory muscle force development (Pm x fb), the absence of esophageal pressure measurements to enable the calculation of work of breathing limits the ability to determine whether IMT was able to unload the respiratory muscles during exercise.
Third, while the change in muscle oxygenation using NIRS may be used to gain an insight into the microvascular O 2 delivery and extraction in the field of interrogation, the absence of blood volume or blood flow estimates achieved via more invasive measurement techniques [19, 21] limits the ability to draw definitive conclusions regarding the effect of IMT on the redistribution of cardiac output under increased respiratory demand and warrants further investigation. However, our findings suggest that IMT may act to decrease muscle deoxygenation of the respiratory and locomotor musculature.
CONCLUSION
The novel findings of this study are that following 6 weeks of pressure-threshold IMT, highly-trained competitive cyclists exhibited a decrease in whole-body V O 2 , and LM and RM deoxygenation during exercise with heavy inspiratory loading. These changes suggest that IMT 18 reduces respiratory muscle demand and decreases oxygen extraction by the active muscles, which may reflect IMT-induced changes in respiratory and limb locomotor muscle oxygen delivery. Importantly, these data provide further insight into the possible mechanisms underpinning improvements in endurance performance previously reported following a period of IMT. 
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